An organism capable of growth on pyridine was isolated from soil by enrichment culture techniques and identified as Micrococcus luteus. The organism oxidized pyridine for energy and released N contained in the pyridine ring as ammonium. The organism could not grow on mono-or disubstituted pyridinecarboxylic acids or hydroxy-, chloro-, amino-, or methylpyridines. Cell extracts of M. luteus could not degrade pyridine, 2-, 3-, or 4-hydroxypyridines or 2,3-dihydroxypyridine, regardless of added cofactors or cell particulate fraction. The organism had a NAD-linked succinate-semialdehyde dehydrogenase which was induced by pyridine. Cell extracts of M. luteus had constitutive amidase activity, and washed cells degraded formate and formamide without a lag. These data are consistent with a previously reported pathway for pyridine metabolism by species of Bacillus, Brevibacterium, and Corynebacterium. Cells of M. luteus were permeable to pyridinecarboxylic acids, monohydroxypyridines, 2,3-dihydroxypyridine, and monoamino-and methylpyridines. The results provide new evidence that the metabolism of pyridine by microorganisms does not require initial hydroxylation of the ring and that permeability barriers do not account for the extremely limited range of substrate isomers used by pyridine degraders.
An organism capable of growth on pyridine was isolated from soil by enrichment culture techniques and identified as Micrococcus luteus. The organism oxidized pyridine for energy and released N contained in the pyridine ring as ammonium. The organism could not grow on mono-or disubstituted pyridinecarboxylic acids or hydroxy-, chloro-, amino-, or methylpyridines. Cell extracts of M. luteus could not degrade pyridine, 2-, 3-, or 4-hydroxypyridines or 2,3-dihydroxypyridine, regardless of added cofactors or cell particulate fraction. The organism had a NAD-linked succinate-semialdehyde dehydrogenase which was induced by pyridine. Cell extracts of M. luteus had constitutive amidase activity, and washed cells degraded formate and formamide without a lag. These data are consistent with a previously reported pathway for pyridine metabolism by species of Bacillus, Brevibacterium, and Corynebacterium. Cells of M. luteus were permeable to pyridinecarboxylic acids, monohydroxypyridines, 2,3-dihydroxypyridine, and monoamino-and methylpyridines. The results provide new evidence that the metabolism of pyridine by microorganisms does not require initial hydroxylation of the ring and that permeability barriers do not account for the extremely limited range of substrate isomers used by pyridine degraders.
Pyridine occurs in the environment as a by-product of coal gasification (21) and retorting of oil shale (13) . The compound is mobile in soil (14) and persists in groundwater near underground coal gasification sites (21) . Pyridine has moderately acute toxicity and is apparently teratogenic (11) . Because pyridine occurs in the environment and is potentially dangerous to health, an understanding of its environmental fate is important.
Pyridine is readily degraded in soil (4) , and a number of soil bacteria are capable of growth on pyridine as the sole source of carbon (7, 10, 12, 19, 20, 22) . Several research groups have investigated bacterial metabolism of the unsubstituted pyridine ring (12, 19, 20, 22) . Only aliphatic intermediates of pyridine metabolism were identified, because no researchers have produced cell extracts capable of degrading the intact pyridine ring. Therefore, the initial steps of ring fission remain uncertain. Generally, aerobic biodegradation of aromatic compounds such as benzene is thought to be initiated by hydroxylation of the ring. Unlike benzene, its homocyclic analog, pyridine resists electrophilic substitution. Hydroxylation was therefore considered an unlikely step in ring fission (19, 20, 22) . The above hypothesis was supported by the nonreactivity of pyridine in a model system designed to imitate the enzymatic hydroxylation of aromatic compounds (10). Species of Nocardia, Bacillus, Corynebacterium, and Brevibacterium utilized pyridine as the sole source of carbon and energy but did not grow at the expense of monohydroxypyridines, and suspensions of cells or cell extracts did not oxidize mono-or dihydroxypyridines (10, 19, 20, 22) . It should be remembered that cell extracts did not degrade pyridine, and thus the failure of cell extracts to oxidize hydroxypyridines does not exclude these compounds as potential intermediates. Similarly, the inability of pyridine-grown cells to oxidize hydroxypyridines could be due to permeability problems. The permeability of pyridinegrown cells to hydroxypyridines remained unknown.
Some experimental evidence suggests a role of hydroxypyridines in pyridine metabolism. Recently, Korosteleva et al. (12) described a Nocardia species which degraded pyridine by a pathway similar to that used by Bacillus, Brevibacterium, and Corynebacterium species. Growth of the organism on pyridine resulted in accumulation of 3-hydroxypyridine in the culture medium. Cells could not utilize 3-hydroxypyridine for growth, nor could washed suspensions of cells oxidize the compound. The inability of cells to transform 3-hydroxypyridine was attributed to impermeability of cells to the compound, although cell permeability was not tested.
Lack of information on the permeability of cells to substituted pyridines presents a serious limitation to the understanding of pyridine metabolism. Impermeability of cells to various pyridine derivatives could explain the extremely narrow range of substrate isomers utilized by pyridine degraders (10, 12, 18) . If pyridine metabolism involves hydroxylated intermediates, cell permeability barriers could explain the inability of pyridine degraders to oxidize or utilize hydroxypyridines for growth. Conversely, if permeability barriers are not present, the inability of pyridinegrown cells to utilize hydroxypyridines gives strong evidence that hydroxylated intermediates are not involved.
The objectives of the study were (i) to isolate soil organisms capable of growth on pyridine, (ii) to determine the pathway for pyridine metabolism, (iii) to evaluate the specificity range for substrate isomers used, and (iv) to characterize the permeability of cells to substituted pyridines. Growth factor requirements of M. luteus. Cells grown on complex media without pyridine may express activity of enzymes associated with pyridine degradation pathways (20) , which could mask induction of the enzymes by pyridine. Thus, a defined medium was used in enzyme induction studies. M. luteus required thiamihe for growth on pyridine or succinate, and growth was enhanced by the addition of arginine, valine, leucine, and methionine. Defined media used in enzyme induction experiments thus contained thiamine (2 ,uM) , arginine (0.3 mM), valine (0.4 mM), leucine (0.4 mM), and methionine (0.2 mM) to satisfy growth factor requirements and produce a high yield of cells. Succinate medium contained 0.5 mM N as (NH4)2SO4 to provide an N source.
Pyridine degradation in cultures. Degradation of pyridine and substituted pyridines ( Cell N by the addition of 0.5 mM N as ammonium sulfate (Fig. 2) (Table 2) . Resuspended cells or cell extracts from pyridine-and succinate-grown cells did not degrade 2-, 3-, or 4-hydroxypyridine, nor did they degrade 2,3-dihydroxypyridine. Addition of the 100,000 x g cell fraction to cell extracts did not confer the ability to degrade pyridine or hydroxypyridines.
Pyridine induced succinate-semialdehyde dehydrogenase activity in M. luteus cells. Activity was not detected in succinate-grown cells ( Table 2 ). The activity of the enzyme was dependent on the presence of substrate and followed saturation kinetics. Double-reciprocal plots indicated a Knt of 0.015 mM and V.max values ranging from 0.24 to 0.52 ptmol of NADH * mg of protein-1 * min-' for different extract preparations. At saturation (0.5 mM), NADH produced by the reaction was proportional to protein added (R2 = 0.999), supporting an enzyme catalysis mechanism. Succinatesemialdehyde dehydrogenase of M. luteus was classified as EC 1.2.1.24, because NAD was a better coenzyme for the reaction than was NADP (Table 2) . Neither isocitratase nor glutarate-dialdehyde dehydrogenase was induced by pyridine ( Table 2) . Succinate-semialdehyde dehydrogenase is involved in pyridine metabolism by species of Bacillus, Brevibacterium, and Corynebacterium (19, 20, 22) , whereas isocitratase and glutarate-dialdehyde dehydrogenase are involved in pyridine metabolism by Nocardia species (22) . The data indicate that the mechanism of pyridine degradation in M. luteus is similar to the pathway used by species of Bacillus, Brevibacterium, and Corynebacterium.
Formate and formamide were degraded rapidly by suspensions of pyridine-or succinate-grown cells (Fig. 3) . During assays of formamide degradation, NH3 was released only from pyridine-grown cells (Fig. 3) , although pyridine-and succinate-grown cells were shown previously to contain similar amounts of total N. Amidase activity was observed in both pyridine-and succinate-grown cell extracts ( fluorescens (8) . The failure of cell extracts of M. luteus to degrade hydroxypyridines does not prove that hydroxy intermediates are not involved in pyridine metabolism, since the extracts could not degrade pyridine. It was therefore that M. luteus was found to be permeable to hydroxypyridines in order to exclude the compounds as intermediates. Hydroxypyridines apparently are not involved in pyridine metabolism by species of Bacillus, Brevibacterium, Corynebacterium, or Nocardia (19, 20, 22) . For the results of studies with M. luteus to be applicable to other pyridine degraders, it was necessary to investigate the pathway for pyridine metabolism. Two distinct pathways for the metabolism of pyridine are recognized. The more common pathway involves cleavage of the ring between C-2 and C-3 to yield a 6-member semialdehyde, which is hydrolyzed to formamide and succinate semialdehyde (Fig. 4) . Formamide is converted to formate and ammonia by a specific amidase. Succinate semialdehyde is oxidized to succinate by a NADlinked dehydrogenase, which is usually induced by pyridine (20, 22) . Pyridine induction of NAD-linked succinatesemialdehyde dehydrogenase, as well as the presence of a constitutive amidase and the ability to degrade both formate and formamide, suggest that M. luteus uses the above pathway to degrade pyridine. Another pathway for pyridine metabolism involves C-2-N ring cleavage and is accompanied by pyridine-induced glutarate-dialdehyde dehydrogenase, glutarate-semialdehyde dehydrogenase, acyl coenzyme A synthetase, and isocitratase activities (22) . Since glutarate-dialdehyde dehydrogenase and isocitratase were not induced by growth of M. luteus on pyridine, the pathway is probably not present in the organism.
The results suggest a common pathway for pyridine metabolism in M. luteus and species of Bacillus, Brevibacterium, and Corynebacterium. Permeability of M. luteus to hydroxypyridines is important, since M. luteus, Bacillus spp., Brevibacterium spp., and Corynebacterium spp. do not degrade hydroxypyridines (19, 20, 22 
